ABSTRACT: Environmental scientists are expected to provide interpretations about patterns across broad scales of space and time, but face the challenge that the environment can vary at smaller spatial scales than commonly recognised. We described spatial and temporal variability in nutrients and associated environmental parameters at sites associated with historical impacts to assess appropriate monitoring practices. Sites were selected on the basis of past research into nutrient-driven habitat change. Temporal variability was examined using a nested sampling design (i.e. days within weeks, weeks within months) that included monitoring nutrients and environmental parameters such as secchi depth, chlorophyll a, ammonia, total Kjeldahl nitrogen, total nitrogen (TN), and oxidised nitrogen. Impacted and control sites differed in nutrient concentration and Secchi depth, although sites did not differ on every sampling occasion. Impacted sites always ranked higher, based on means, in nutrient concentrations and were more turbid than control sites. In general, one impacted site had greater nutrient concentration and was more turbid than the other impacted site. Control sites typically had low and stable concentrations of TN. Variation over small time scales of days was large relative to variation at scales of weeks and months; these results warn that monitoring of long-term trends must be mindful of short-term variation and its capacity to confuse interpretations over broader time scales. In this regard, we make suggestions to improve the way we consider, gather, and interpret patterns in environmental data that almost always vary on small scales. 
INTRODUCTION
Open coastal shores are often located in transitional zones where anthropogenic activities can negatively influence marine ecosystems, and managers need to identify the consequences of their policies. Many coasts are adjacent to substantial urban and industrial developments, where runoff is high in nutrients that are readily available for uptake by biological organisms. Nutrients can affect benthic reef communities by causing the growth of opportunistic turf-forming algae (Gorgula & Connell 2004) , while increases in turbidity can reduce photosynthetic capacity. Thus, understanding patterns in nutrient distribution is critical for placement of marine reserves (Carr et al. 2003 , Roberts et al. 2003 , Connell 2007 ) and developing baselines of data upon which future impacts can be judged (Pauly 1995 , Dayton et al. 1998 , Edgar et al. 2004 , Connell et al. 2008 . Quantifying and interpreting patterns of ambient nutrients and water clarity should therefore be a goal in coastal management.
Water monitoring programs often aim to determine changes in nutrients and environmental parameters using very few measurements to infer concentrations over lengthy periods (Grotti et al. 2001 , Humborg et al. 2003 , De Galan et al. 2004 . Uncertainty in the variation of nutrients at each sampling period is often attributed to poor laboratory protocol in sampling accuracy and instrument precision (Potts 1997 , Babiker et al. 2004 . Although understanding the accuracy and precision of a water sample is important, especially for drinking water, monitoring programs that focus on accuracy and precision often result in heightened effort being placed on few samples (i.e. meticulous collection procedures) instead of collecting many samples. Replication of sampling gives insight into the spatial and temporal variability of patterns, a key component of understanding the process of degradation in marine systems. Monitoring programs need to be able to interpret large-scale trends in the face of small-scale variability; an issue that challenges ecologists (FowlerWalker et al. 2005) .
Long-term temporal trends in ambient nutrients have been reported for many coastal areas (e.g. government monitoring agencies). Such programs are primarily interested in seasonal and annual trends, and sample water using monthly or fixed-time sampling without considering the consequences of smaller-scale change. Small-scale temporal variability, on the order of days to weeks, is rarely described in coastal waters even though it is important for understanding these ecosystems. In estuaries, several studies have shown that small-scale temporal variation in nutrients is extremely large (e.g. Caffrey et al. 2007) , with changes over tidal cycles explaining up to 39% of the total variation in NO 3 -from scales of hours to decades (Caffrey et al. 2007 ). Such fluctuations in nutrient concentrations over short temporal scales highlight the need to understand the variability of nutrients over multiple scales if we are to reliably assess the chemical state of an aquatic system. This information would benefit monitoring programmes by indicating appropriate sampling intervals and replication to detect patterns.
Small-scale variation can easily be detected using nested or hierarchical sampling designs, which are commonly described in the literature (Morrisey et al. 1994 , Quinn & Keough 2002 , Gotelli & Ellison 2004 but less commonly used. Nested designs entail collecting data over several scales of space or time, such as collecting nutrient data at fixed sites on consecutive time scales (days, weeks, months, or seasons). These data can be analysed using ANOVA, with additional tests to determine the proportion of total variation attributed to the different scales of sampling (i.e. variance components, Vaughan & Corballis 1969) . Variance components are akin to commonly used goodness-of-fit (r 2 ) estimates in regressions. The lack of information on small-scale temporal changes in environmental parameters and nutrients in coastal reefs inhibits the detection of impacts. The objective of the present study was to assess spatial and temporal variability in turbidity, chlorophyll a (chl a), and nutrients at 2 biologically impacted reefs that have reduced canopy-forming algae and increased turfforming algae, and 2 reefs in good condition (Connell et al. 2008) , and determine appropriate scales at which water quality monitoring should occur. Short-term temporal variation was examined using a nested sampling design that included monitoring environmental parameters and nutrients on scales of months, weeks, and days.
MATERIALS AND METHODS
Sampling sites. Four metropolitan reef sites within Gulf St Vincent, an inverse salinity gulf 150 km long in South Australia, Australia, were chosen for sampling. Two sites, Impacted 1 (Horseshoe) and Impacted 2 (Noarlunga), had benthic assemblages that were historically impacted by nutrient runoff, where canopyforming algae had been replaced by opportunistic turfforming algae, a process which likely reflected elevated nutrients (Gorgula & Connell 2004 , Connell et al. 2008 . Two sites, Control 1 (Port Stanvac) and Control 2 (Moana), appeared less affected by urbanisation, as they had more extensive stands of canopy-forming algae and reduced turfforming algae, and as such were considered to be reference or control sites.
Sampling design. A nested (hierarchical) sampling design that encompassed 3 temporal scales (months, weeks, and days) was used to determine variation in environmental parameters and nutrients at all 4 sites. Sampling was done on 3 consecutive days within 3 wk (weeks were separated by > 4 d) within 3 mo (months were separated by >10 d), during the austral winter. Secchi depth was recorded and water sampled for the analysis of chl a, ammonia (NH 3 ), total Kjeldahl nitrogen (TKN; sum of nitrogen, ammonia, and ammonium), total nitrogen (TN), and oxidised nitrogen (NO x ). Three replicate readings of secchi depth were measured on each sampling day and triplicate water samples were collected for the analysis of chl a and nutrients. We chose to measure turbidity, chl a, ammonia, TKN, TN, and NO x because these were either cheaply and easily measured (turbidity, chl a) or good indicators of bioavailable nitrogen. TKN, TN, and NO x are also routinely analysed in monitoring studies, thus our data would be generally applicable to other systems and studies. Sampling was done at a similar tidal height, in terms of ebb and flow tide, on each day to reduce the variability due to tides, which can be large in some systems (Caffrey et al. 2007 ); however, we were not interested in daily fluxes in nutrients due to tides.
Turbidity was assessed as Secchi depth and was determined by lowering a 25 cm Secchi disc and recording the depth at which differentiation was no longer possible (Wetzel 1983) . Chl a samples were collected in 1000 ml bottles. Water was filtered through a Whatman GF/C filter that was stored frozen before being analysed for chl a (Wetzel 1983) . Chl a was determined by resuspending GF/C filters in 10 ml of 100% ethanol at 70°C for 5 min. Samples were then cooled rapidly in ice and examined using a spectrometer at 665 and 750 nm, using a blank of 100% ethanol. Chl a was determined using equations of Golterman et al. (1978) , and was not corrected for phaeophytin.
Water samples for nutrients were collected in 250 ml high density polyethylene (HDPE) bottles and acidified with 1 ml of sulphuric acid: one set of bottles was filtered through a 0.45 µm membrane filter (NH 3 and NO x analyses) and one was left unfiltered (TKN analysis). Powderless gloves were worn at all times and samples were stored on ice in the field and then refrigerated in the laboratory until analysed; all analyses were completed within 28 d of sample collection. Nutrient samples were analysed at Australian Laboratory Services, Melbourne, using an Aquakem discrete analyser (Thermo Scientific). Ammonia was analysed based on a Berthelot reaction (method: APHA 4500-NH 3 H). TKN was analysed based on the standard block digestion for organic nitrogen (method: APHA 4500-N org D). Oxidised nitrogen was analysed via cadmium reduction (method: APHA 4500-NO 3 -I). Total nitrogen was calculated as the sum of NO x and TKN. Limits of detection (LOD) and average reproducibility (spiked recovery) were: NH 3 , 0.01 mg l , 97.5%. Statistics. Univariate ANOVA was used to determine if parameters (turbidity, chl a, and nutrients) differed over time and between sites. Four-factor ANOVA tested for differences among sites and time scales for each parameter. The ANOVA model consisted of the factor Site orthogonal to the temporal scales, which were all random and nested within each other (i.e. Day within Week, Week within Month) (Quinn & Keough 2002) . Analyses were presented for the cases where Site was treated as fixed and random (see Table 1 ). We recommend Underwood (1997) as a text for considering ANOVA models that combine both nested scales of space and time.
Three-factor ANOVAs tested for differences among time scales for each parameter, and were presented with estimates of components of variation (Vaughan & Corballis 1969) , to determine which of the temporal scales contributed most to the observed variation in turbidity, chl a, and nutrients. For all tests, where significant differences were detected between sampling times (e.g. p < 0.05, or p < 0.01 if heterogeneous), the means were statistically compared post hoc using Student-Newman-Keuls (SNK) tests to determine where differences occurred (Quinn & Keough 2002) .
RESULTS

Spatial scale tests
Site and Day interacted for the parameters of turbidity, chl a, TN, NO x , and NH 3 , indicating that differences were detected among sites but not for every sampling day. Interactions of Site and Week were detected for all parameters except chl a, again indicating different patterns among sites on different weeks.
Turbidity was consistently greater at Impacted 1 and/or Impacted 2 compared to the 2 control sites, with this pattern being consistent for 25 of 27 d (Site × Day interaction, Table 1 , Fig. 1 ). The pattern did, however, vary between sampling days whereby Impacted 1 and Impacted 2 were different from one another. Greater differences between sites were detected in some weeks (i.e. Week 1 of Month 2) compared to others (Site × Week interaction). Mean and median secchi 159 Table 1 . ANOVA mean squares (MS) for spatial and temporal scale differences in turbidity, chlorophyll a, total Kjeldahl nitrogen (TKN), total nitrogen (TN), oxidised nitrogen (NO x ), and ammonia (NH 3 ) among 4 sites where Site is treated as a fixed factor. Where Site is treated as a random factor, all MS remain the same, except the main effects of Months and Weeks have no associated test. Data was ln(x + 1) transformed. Where Cochran's C-test was p < 0.05 after transformation, significance was judged at α = 0.01, otherwise significance was judged at α = 0.05. **: p < 0.01, ***: p < 0.001. depths were greater at control sites compared to impacted sites (Table 2) , and on no sampling days were impacted sites greater than control sites. Chl a differed among sites for 20 of 27 d (Site × Day interaction, Table 1 , Fig. 1 ). Similarly, mean chl a concentrations gave little indication of substantial differences among sites, and no trends were apparent in mean and median values between impacted and control sites ( Table 2) . Concentrations of oxidised nitrogen were greater at Impacted 1 compared to all other sites for 26 of 27 d (Table 1, Fig. 2 ). Impacted 1 had consistently higher NO x values over the period of weeks compared to other sites (Site × Week interaction). Concentrations of ammonia were greater at Impacted 1 compared to all other sites, which were all similar (Table 1, Fig. 2 ). This pattern was detected for 16 of 27 d (Site × Day interaction) and 5 of 9 wk (Site × Week interaction). The remaining days and weeks showed no difference in concentration among sites. On no sampling occasion did control sites have greater ammonia concentrations than Impacted 1. TKN concentrations at Impacted 1 was greater than all other sites for 4 of 9 wk (Impacted 1 > Impacted 2 = Controls). There was 1 wk where Impacted 2 was lower than all other sites, however, this exception was largely caused by 1 d (Site × Week interaction, Table 1 , Fig. 3 ). TN was greatest at Impacted 1 compared to all other sites for 22 of 27 d and 8 of 9 wk (Site × Day and Site × Week interactions, Table 1 , Fig. 3 ). For 1 d both impacted sites were greater than control sites (Impacted 1 = Impacted 2 > Controls). Mean and median NO x , ammonia, TKN, and TN were greatest at Impacted 1 compared to all other sites (Table 2) . 
Temporal scale tests
Turbidity varied significantly on the temporal scales of days and weeks at each of the 4 sites ( Table 3 , Fig. 1 ). Differences among weeks were detected during the second month for all sites, as well as the first month for Impacted 2. Differences on the scale of weeks accounted for 57.8 to 86.1% of the total variability in turbidity, and Impacted 1 and Control 2 had the greatest variability. Turbidity varied on temporal scales of days at all sites, because replicate days of sampling often had different water clarity. The variability attributed to daily scales ranged from 10.5% (Impacted 1) to 25.1% (Control 1).
Chl a varied on temporal scales of weeks (Impacted 2 and Control 1) and days (Impacted 1, Impacted 2, and Control 1) (Table 3, Fig. 1 ). No differences were detected at Control 2. Variation among replicate weeks occurred during the second month of sampling, when the second week had higher concentrations than the first and third weeks in that month. Weekly variation accounted for 35.9% of variation at Impacted 2 and 34.7% at Control 1. Variation among replicate days was detected for 3, 4, and 6 wk at Control 1, Impacted 2, and Impacted 1, respectively, and accounted for 16.8 to 83.3% of the total variability in chl a. NO x varied on scales of months (Control 2), weeks (Impacted 2), and days (Impacted 1) (Table 3, Fig. 2) . Control 2 had lower mean concentrations of NO x in the first month, followed by the second and then third months (mean ± SE; Month 1 = 0.012 ± 0.00, Month 2 = 0.021 ± 0.02, Month 3 = 0.028 ± 0.00 mg l -1 ); however, results of the SNK test were ambiguous and failed to detect significant differences among months. Monthly variation accounted for 29.1% of the total variation in Fig. 3 . Total Kjeldahl nitrogen (TKN) and total nitrogen (TN) concentrations at impacted and control sites, collected on replicate days, within weeks, within 3 mo. Values are means ± SE NO x at Control 2. Weekly variation at Impacted 2 occurred only in the first month and accounted for 11.1% of the total variation. Daily variation at Impacted 1 was detected during 3 weeks and accounted for 32.9% of total variation.
Ammonia varied on scales of weeks (all sites), and days (Impacted 1 and Control 1) (Table 3, Fig. 2) . Weekly variation at each site was detected during the third month, and at Impacted 1 in the first month; this weekly variation represented between 33.1 to 60.7% of the total variation in ammonia. Daily variation at Impacted 1 and Control 1 was detected within 4 random weeks at both sites and accounted for 32.2 and 24.5% of the total variability, respectively.
TKN varied on scales of months (Impacted 1, Impacted 2, Control 2), weeks (Impacted 1, Control 2), and days (Impacted 1) (Table 3, Fig. 3 ). No differences in TKN were detected at Control 1. Monthly variation was observed, but was inconsistent among sites. At Impacted 1 differences were detected among all 3 mo (Month 1 < Month 2 < Month 3), at Impacted 2 the third month differed (Month 1 = Month 2 < Month 3), and at Control 2 the first month differed (Month 1 < Month 2 = Month 3). Monthly variation accounted for between 41.9 to 57.7% of the total variation in TKN. Weekly variation at Impacted 1 occurred in the third month only, while at Control 2 differences among weeks were detected in the second and third months. Weekly variation accounted for 24.0 and 8.9% of the total variation at Impacted 1 and Control 2, respectively. Daily variation at Impacted 1 occurred only within one week, and represented 7.2% of the total variation. TN varied with months (Control 2), weeks (Control 2, Impacted 1), and days (Impacted 1) (Table 3, Fig. 3) . No variation was detected at Impacted 2 and Control 1. Monthly variation at Control 2 occurred because the first month had lower concentrations than the others (Month 1 < Month 2 = Month 3); this variation accounted for 43.4% of the total variation in TN. Weekly variation at Impacted 1 occurred in the third month, and at Control 2 in the second and third months; weekly variation accounted for 47.2% of the total variation at Impacted 1 and 10.8% at Control 2. Daily variation at Impacted 1 occurred in 3 weeks, one week within each month, and accounted for 22.4% of the total variation in TN.
Regressions
TN and NO x were positively correlated for 3 of the 4 sites (not for Control 1) and for the entire dataset (y = 0.667x -0.094, r 2 = 0.7695). No correlations between other variables were detected. 162 Table 3 . ANOVA mean squares for temporal scale differences in turbidity, chlorophyll a, total Kjeldahl nitrogen (TKN), total nitrogen (TN), oxidised nitrogen (NO x ), and ammonia (NH 3 ) for each of 4 sites. The proportion of variation attributed to each time scale is expressed as % V a Data were ln(x + 1) transformed. Where Cochran's C-test was p < 0.05 after transformation, significance was judged at α = 0.01, otherwise significance was judged at α = 0.05. *p < 0.05, **p < 0.01, ***p < 0.001
DISCUSSION
Spatial variation
Differences were observed among sites in turbidity, chl a, and nutrient concentrations. Although sites did not differ on every sampling occasion, generally impacted sites had greater nutrients and were more turbid than control sites. Differences between Impacted 1 and all other sites may be due to the former's location: Impacted 1 was located approximately 1 km from a wastewater treatment plant where effluent is discharged at a rate of 190 t yr -1 of nitrogen, of which 39 t is readily bioavailable ammonia (www.npi.gov.au), and adjacent to a creek that intermittently discharges terrestrial pollutants.
Spatial patchiness in nutrients, turbidity, and chl a have been commonly described in both coastal regions (Boyer et al. 1997 , Gibbs 2000 and estuaries (Li & Smayda 2001 , Huang et al. 2003 . Changes in nutrients, turbidity, and chl a occur at scales of m (Grenz et al. 2000 , Seuront et al. 2002 to km (Boyer et al. 1997) , with changes reflecting water mass differences and boundary flows (Gibbs 2000) as well as land-use (Gorman et al. in press). The ability to detect spatial patterns may not be clear from sampling on a single day; however, analysis across multiple days of data may provide more confident interpretations for their existence. The present study highlights that replicating water collections can improve the detection of spatial patterns in water quality needed to assess the drivers of benthic change (Connell et al. 2008) .
Temporal variation
In the present study, turbidity and chl a varied on short time scales of weeks and days. For turbidity, greater variation was found at the longer temporal scales, indicating that daily variation was less important than differences among weeks. This was not, however, always the case for chl a, where daily variation was considerable.
Consistency between the temporal scales of change in the present study and the literature are difficult to evaluate, due to few studies examining turbidity and chl a using nested sampling designs. Generally, studies that examine turbidity and chl a do so using few (single) sampling times to describe the concentration of nutrients for a month or season (White et al. 2004) . Chl a has been observed to change over tidal cycles in estuaries (Li & Smayda 2001) as well as longer periods of time such as months and seasons (Greene & Beechie 2004 , White et al. 2004 , Brodie et al. 2007 ), including periodical seasonality in chl a concentrations at Impacted 2 (South Australia Environmental Protection Authority [EPA] unpubl. data). Changes in nutrients that occur over short time scales, such as tides, are most likely to represent water body mixing and smallscale nutrient use by suspended algae. Longer-scale changes are likely to be due to cycling of productivity (related to increased soluble nutrient availability), changes in light climate and day length, and water temperatures during different seasons. We found no correlations between turbidity or chl a and environmental parameters (i.e. salinity) or nutrients, suggesting that differences we detected in the present study were predictable via more routinely monitored parameters.
Across all sites NO x and NH 3 varied at different temporal scales. For NO x , temporal variation appeared minimal, with the exception of concentrations at Impacted 1, which were variable on daily scales, which suggested that variation at small temporal scales is important. For NH 3 , variation at larger temporal scales was more important than variation at smaller temporal scales.
Many studies have investigated temporal variation in NO x and NH 3 in both estuarine and coastal waters, on decadal to tidal time scales (Neal et al. 2000 , Grotti et al. 2001 , De Galan et al. 2004 , Ensign & Paerl 2006 , Caffrey et al. 2007 ). Few studies have, however, examined the variation attributed to different temporal scales within a single system. Caffrey et al. (2007) calculated variation attributed to scales from decadal to daily and tidal influences, and concluded that tidal variation explained 39% and diurnal variation 15% of the total variation in NO 3 -within a semi-enclosed estuary. Thus, variation on scales of ≤1 d was responsible for 54% of the total variation in NO 3 -. Several studies have also reported means and variance estimates (commonly SD) for different temporal scales (e.g. Grotti et al. 2001 , Buzzelli et al. 2004 , De Galan et al. 2004 ). These studies found that variation around a mean (i.e. SD) was equal to or larger than differences among sampling times (Grotti et al. 2001 , Buzzelli et al. 2004 , De Galan et al. 2004 , suggesting that variation within a sampling period is large, and a greater emphasis on collecting samples over short time scales (i.e. sampling multiple days) is required to obtain accurate estimates and deduce temporal trends over short time frames (months). Given the large variation we found at smaller temporal scales, our results suggest that small-scale variation predominates in coastal systems.
We found no correlations with NO x or NH 3 and any environmental parameter (i.e. turbidity, chl a). Correlations between NO x and NH 3 and salinity have been described (decreased concentrations with increased salinity) (White et al. 2004 , Cox et al. 2006 , however, these parameters were not related to temperature, pH, or turbidity (White et al. 2004 ). Negative correlations with salinity most likely reflect mixing of water bodies and not necessarily that freshwater contains higher nitrogen and NH 3 concentrations, as Cox et al. (2006) and Caffrey et al. (2007) found no relationship with freshwater inputs.
TKN varied on the scales of months, weeks, and days at the impacted sites and Control 2. Variation in TKN at large temporal scales was more important, indicating trends in the dataset among different months. TN varied with months, weeks, and days, and like TKN, larger temporal scales were more important, indicating that TN was temporally more consistent within a site than other nutrients. Literature suggests that TKN can vary with seasons (Boyle et al. 2004 ) and months (EPA 2008) , with differences often detected among consecutive (monthly) sampling times (EPA 2008) . From the limited data available for TN, temporal variation appears less than that for other nutrients (TKN, NO x , etc.) , with values collected in consecutive months being largely of the same magnitude (EPA 2008) . TKN and TN did not correlate to any environmental parameters, suggesting that sampling of nutrients, turbidity, and chl a may not always be useful as proxies for ambient nitrogen concentrations.
Sampling benefits and recommendations
Understanding changes in nutrients and environmental parameters in coastal environments is a prerequisite in monitoring programs that aim to determine changes in concentrations. Analysis of spatial patterns dominate ecological studies, and there is a particular need to determine the consistency of patterns from one particular place to another, both locally (on the scale of m to km) and regionally (on the scale of 1000s of km) (Underwood & Petraitis 1993 , Huston 1999 , FowlerWalker et al. 2005 . Studies that examine changes in nutrients often concentrate on spatial patterns to obtain generality for an area (Gibbs 2000 , Grotti et al. 2001 . Temporal changes in nutrients have also been examined in order to determine patterns over time. In general, studies that claim to address temporal scales of nutrients in aquatic systems often do so by examining trends in monthly and/or seasonal sampling, where few samples are taken to represent lengthy periods of time (Fock 2003 , Buzzelli et al. 2004 , Brodie et al. 2007 ). Short-term changes in nutrients can cause confusion when trying to interpret long-term trends in datasets. If short-term changes in nutrients are large, then changes detected using monthly and/or seasonal sampling may not accurately reflect changes over smaller temporal scales (reflecting weeks or days) which can be the result of processes of land runoff, rain events, and tidal mixing (but see Caffrey et al. 2007 ).
Sampling of nutrients using a nested design can highlight the magnitude of change within systems among alternative scales of observation (Morrisey et al. 1992 , Hatje et al. 2001 , and when coupled with statistics such as variance components (Vaughan & Corballis 1969 , Graham & Edwards 2001 , can identify relevant scales of variation. In the present study, month, weeks within months, and days within weeks were chosen to give estimates of changes in nutrients at several sites across a broad time scale. We observed substantial variation across short temporal scales relative to that at longer scales. Thus to detect patterns over large periods (months, seasons) it would be advantageous to collect water on several replicate days rather than a single day, the average of which would give a more statistically precise estimate of the mean for that period of interest. This more sophisticated type of sampling has been previously used by ArandaCirerol et al. (2006) in long-term monitoring of nutrients. The number of sampling times required is dependent on the sample variability of the nutrient or environmental parameter. Nutrients with substantial variation at small scales (i.e. NO x , NH 3 ) require a greater number of sampling days to determine patterns compared to more stable nutrients, such as TKN. Importantly, sampling protocols should be consistent between areas if patterns are to be compared between sites.
What nutrients or environmental parameters should be analysed? The answer to this question depends on the spatial and temporal variation of the parameter, as well as the question being addressed. If a study aims to identify differences among sites, for example potentially impacted and control sites, then the choice of parameter should centre on those that are less temporally variable, but vary predictably in space. In the present study, nutrients that displayed good spatial variation were NO x and TN. If the aim is to monitor changes at one site over time, then parameters that show temporal changes over moderate scales may be useful, such as chl a, turbidity, and TKN. The biological significance of different parameters requires consideration. For example, NH 3 and NO x were highly variable in the present study, but gave a good indication of the nutrients that are readily available for plants and algae; as such they are vital in understanding eutrophication processes. Nutrients that are dynamic, i.e. large changes over temporal scales of days, may not be ideally suited to long-term monitoring of temporal variation, as differences due to the day of sampling may affect long-term trends.
To exemplify the influence of variation on long-term interpretations of trends, we can examine data collected previously from Impacted 2 as part of routine monthly sampling by the EPA with data from the pre-sent study. EPA sampling was done once per month, and differences in nutrients among samples were interpreted as monthly or annual trends (Fig. 4) (EPA 2008) . In the present study, however, we found that differences among replicate days were as large as the differences the EPA detected among months and years (Fig. 4) . Thus, interpreting monthly trends from sampling 1 d only, and disregarding short-term variability, may result in misinterpretations of trends. For this reason, NH 3 , turbidity, chl a, and TKN may be better indicators of long-term temporal change due to small day-to-day variation.
CONCLUSIONS
Nutrients, turbidity, and chl a were useful indicators of spatial variation in coastal water quality. We further established that the temporal variability at each site occurred over short to moderate time frames. It is problematic that small-scale variability is so large on the scales of days for several nutrients, because these short-term fluctuations could potentially hamper the interpretation of patterns over longer time frames. In these cases, it may be possible to identify patterns in time as space by analysing several daily samples within a given time period (i.e. month) to obtain an average of those samples that could represent a mean for that place and time period. Alternatively, data could be analysed over longer time periods (e.g. several months to years of sampling a particular site), which would enable replication for time periods and places of interest.
In conclusion, we are becoming increasingly aware that the biological and physical parameters we study are complex at small temporal and spatial scales. This is particularly challenging to the demands put on environmental scientists who are expected to provide interpretations at much broader scales, particularly those useful to the scales of management (e.g. catchmentwide). By understanding scales of variation, we may be in a better position to provide reliable interpretations to managers if we can recognise the consequences of small-scale variation. Indeed, variation at local scales need not impede tests for broader-scale patterns (Fowler-Walker et al. 2005 ), but can be incorporated to improve the way we consider, gather, and interpret patterns in environmental data. 
